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Chronic treatment with nitric oxide-releasing aspirin 
reduces plasma low-density lipoprotein oxidation and 
oxidative stress, arterial oxidation-specific epitopes, 
and atherogenesis in hypercholesterolemic mice 
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administration of vitamin E (7, 9). Thus, <=«^P0™J.7'^ 
antioxidant properties may reduce downstreani effects induced 
S LDL oxidation in the arterial wall, and this phenomenon 

development of a chronic disease such as atherosclerosis and on 
plasma LDL oxidation and systemic oxidative stress. NO- 
releasing aspirin (NCX-4016)isadrugwellcharactenzedirtVift^ 
in viv/(reviewed in ref. 12). Hypercholesterolemic m^^^ 
7:...i„-. t„.„»V-t,ni«tPrnlemia on a cholesterol mouse chow diet 
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The effects of chronic treatment with nitric oxide-containing as- 
oirin (NO-aspirin, NCX-4016) in comparison with regular aspinn or 
Sacebo on the development of a chronic disease such as athero- 
sderosis were investigated in hypercholesterolemic low-dens.^ 
UDOorotein (LDL)-receptor-def ident mice. Male mice were assigned 
rTndlirtoTeceive in a volume of 10 ml/kg either placebo (n = 
10) 30 mg/kg/day NO-aspirin = 10),or18mg/lcg/day of regular 
ShinT' 10) After 12 weeks of treatment, the compater- 
aS^ed imaging analysis revealed that NO-aspinn r«iuced tiie 
aortic cumulative lesion area by 39.8 ± 12.3% compared with «^at 
of the placebo (P < 0.001). Regular aspirin did not reduce signifi- 
«n%a'^rticIesLs(-5.1±2.3%)comparedwithtiieplaceho[P = 
0.867, not significant (NS)]. Furthermore, NO-aspmn reduced sig- 
nificantly plasma LDL oxidation compared wrth aspirin and pla- 

' r . .. ^, rnrtiii-finn nf mall 



0.01). Similarly, systemic owdative stress, m^^ured tV^'^J^^ iL™ f^ttv streaks to advanced lesions (10, 11, 13-15). 



0.01). Similarly, systemic oxidative stress, me-:.u,™ 
isoprostanes, v.as significantly reduced by treatment with NOC- 
4015 iP < 0.05). More importantly, mice treated with NO-aspirm 
revea ed by immunohrstochemical analysis of aortic serial sections 
a significant decrease in the intimal presence of 0^^^^°^^^ 
epitopes of oxLDL (E06 monoclonal antibody, ^^Tol 
macrophages-derived foam cells CF4/80 monoclonal antibody, P < 
S compared with placebo or aspirin. These ^a^^ ■»<««*^, 
enhanced NO release by chronic treatment with the NO-contamhig 
aspirin has antlatheroscterotic and antioxidant effects in the arte- 
rial wall of hypercholesterolemic mice. 

atherosclerosis j LOL-receptor-deficient mice 

Endothelial dysfunction has been shown /''^ P]f ^„'^^„^^^f 
atherosclerosis (ref. 1 and reviewed m refs. 2^4). Several 
Jmes of evidence indicate that restoring nitnc oxide (NO)- 
mediated signaling pathways in atherosclerotic ^^"f^ -^^V 
decrease the disease (2-4). The essentia! findings are th^tthe 
biochemical properties of NO allow its exploitation as both a ceU 
sknaling molecule through its interaction with redox centers in 
. ^ B bioloeically 



flO 13) and extensive atherosclerosis, wiui i""^;";"'^ 
from lipid-laden fatty streaks to advanced lesions (10, lU3-i^>- 
By usilig this model, we investigated the chronic ^ects of 
treatment with NO-aspirin or regular aspinn on aortic lesion 
development, plasma LDL oxidation, and oxidative s ress, as 
Si aToxidation-specific epitopes of LDL in the arterial wall. 

Materials and Methods 

Drugs and Experimental Protocol, The experiments conformed to 
the Guide for the Care and Use of Laboratory Animals (Na- 
tional Institutes of Health Publication No. 85-23, revised 1996) 
and the Guidelines of the American Heart Association Ihe 
experiments described here were carried out on male LDL- 
reccptor-deficient mice of 18 weeks on high-cholesterol and 
cholate-free diet (21% by weight fat, 0 15% by ^^^^ <=^f 
terol, and 19.5% by weight casein; no. 8137- Te Wad Madron 
Wn LDL-receptor-deficient iflice crossed with C57bL/ bJ mice 
for io generations, develop only "moderately" elevated plasma 
cholesterol levels (250-300 mg/dl) when fed regular mouse 
chow (10, 11). However, high cholesterol levels are easily 
achieved by enriched-cholesterol dieB that induce extensive 
achieveo ^. 0. ItV We selected 



biochemical properties 01 L^y au^v, "i^'"-7-j-- " ."ueved by enriched-cholesterol dieB that induce exienswe 



heme proteins and a rapW reaction wiui uui« "'"'-^^r""/^ 
Relevant radical species. THe direct reaction of NO with radicals 
can have, at least in part, antioxidant effects. In artenat cel^, 
the antioxidant properties of NO can be &^^J^y ^^Pff^^l f 
activation of signal transduction pathways that lead to the in- 
creased synthesis of endogenous antioxidants or down-reguiate 
responses to pro-inflammatory stimuli. Studies m h""^"^"^ m 
animal models have shown that low-dcnsity lipoprotein (LDL) 
oxidation may ptay a pivotal role in the pathogenesis of a hero- 
eenesb (reviewed in refs. 5, 6). Recent data indicate that LDL 
oxidation may promote per se activation of several signaling 
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o'ni; male mice to avoid gender-related differences (10). Mice 
wefe assigned randomly to be treated for 12 weeks with 30 
mg/kg day of NCX-4016 (a generous gift from NicOx; n - 10, 
30-mg compound contains 18 mg of aspirin) or 18 mg/kg/day 



iddirectiy {track II) to 
density lipoprotein. 
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of aspirin (Sigma; n = 10), or placebo (saline vehicle) given by 
2vaTe Thesfdrug doses were chosen on the basis of previous 
ftudl"«;S (Uf 16. 17) and did not affect blood pr^ure .„ 
mice measured by tail cuff (P = NS, not shown). At *e end of 
the study, mice were killed with a lethal dose of sodium 
pentoSital and m situ fixation of the aorta at physioio^c 
nSsure (100 mmHg (1 mmHg = 33 Pa)] was perfonned with 
SSmaldehyde (4%, 0.1 mol/hter, pH 7.3) for histol- 
ogy and normal saline for immunohistochemistry (see below). 

PlasmaDeterminationand LDL Oxidation. B'<^°^;^<;^"?ff 
time of kiUing into Eppendorf tubes with 1 ^^Jl ^a^DTA^ 
Plasma cholesterol was determined enzymaticalty (18, m.Wl. 
pSes (d = 1.006 - 1.063 g/ml) were isolated from 2 m of 
pooled plasma from two animals of each group by sequent^ - 
density ultracentrifugation (18, 19). The protem content of LDL 
wa^ measured by the method of Lowry (20) Susceptib li^ o 
LDL to in vitro oxidation was induced by 1 fM copper sulfate at 
arc ft. 12 h. as described (18, 19, 21). At the end of the 
incubation, the formation of thiobarbitunc acid reactive sub- 
st^ces wi determined by the thiobarbitunc aod method, as 
dSed (18, 19, 21). Lag-time was determined by momtonng 
the changi measured at 234 nm in the absorbance and observed 
at room femperature (23»C) every 10 min for a period of 4 h (19^ 
21). Measurement of the isoprostane 8'«P>-PGF2.punfied from 
plasma samples was made by using a commercially avaUable 
fmmunoassa? (Cayman Chemical, Ann Arbor, MI) according to 
the manufacturer's instructions. 

Morphom^tric Assessment of '■«'''"^.='"^''r7°i''f;^/;^^^ 
Usioo Components. The aOrta was dissected, c eaned of adherent 
fet and fasda, cut open, washed thoroughly with cold s enie PBS 
Sining 2 bBtA, placed - 1^^-^°'^. ^.^S 50 
LiM butvlated hydroxy toluene, 0.001% aprotinm, 50 mM EDTA, 
SsSsV. cMoraSphenicol, and equilibrated with n.tro^n 
no 11 22 23). Each arterial segment then was divided mto mo 
parts. One of these was immersed in cysteine Pr<?drug 2K,xothia- 
zolidine-4-carboxylate (5 mM)-contammg medium (Dako, Mi- 
Sandflash frozen in liquid nitrogen; T-^m-thick secUonswere 
taken and prepared with a cryotome for computer-ass^ed 
morphometric determination of lipid-nch fO,^ 
sections from arteries were stained with oil red-O and comiter- 
stained with hematoxylin), as descnbed m detail (10, H- 
23). The second part of each aitenal segment w^ H^^^ m 
buffered 10% formalin and paraffin embedded; 12--15 semi 
sections (5-;.m thickness) were prepared for imm^inMchem^ 
istrvflO 11 16 22, 23). Duplicate serial sections of the feed and 
paraffin^mbedded arterial segments were immunostained with 
E06, murine monoclonal antibody against oxidation-specific- 
lysine and oxidized phospholipid epitopes of ox-LDL ana 
F4/80. a monoclonal antibody against mouse mof ocyte/mac- 
rophages-derived foam cells (10. 11, 16, 22, 23). Antibodies were 
used at a dilution of IrSOO. Epitopes recognized by the pnmaij 
antibody were detected by an avidin-biotin-peroxidase comput- 
er-assisted method (10, 11, 16, 22, 23). 

Statisiital Analysis. Results are expressed as mean ± SEML 
Evaluation of the atherogenesis and the immunohistochemistty 
were performed in a blinded way regardmg the treatment gn^en 
to mice. A Student's £ test was used to compare differences 
among groups. Statistical significance was defined as P < 0-05. 

Results 

Lipid Profile. Plasma cholesterol levels were similar among groups 
of LDI^receptor-deficient mice (724 i 68 mg/dl, 746 ± 72 and 
738 ± 57 in placebo, NCX-4016 and aspinn-treated groups, 
resoectivelv P = NS for all comparisons). Similarly, plasma 
triglyceride levels were comparable in at! three groups of mice 
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Fig 1. Effects of various treatments on atherosclerotic lesion - 
[Ireceptor-d^^aft^t^^ 



akuZdbycornputer-assirtediniaging analysis. Results are expressed asthe 
^.T±sm of the aortic lesion, of 10 animals from each group. *. P < 0.01 



(165 ±22 mg/dl. 172±32,and 170 ±28 in placebo, NCM 
and aspirin-treated groups, respectively; P - NS for all 
comparisons). 

Evaluation of Atherogenesis. Computer-assisted imaging analysis 
revealed that 30 mg/kg of NCX-4016 reduced the aortc cumu- 
lative lesion area by 39.8 ± 123% compared wiUi that of the 
placebo (P < 0.001). In another set of experiments (n = 5), 30 
me/kfi of NCX-4016 reduced the aortic cumulative lesion area 
bv 24 1 ± 10.8% (P = 0589, NS). The equunolar dose of aspirin 
(18 mg/kg) did not reduce significantly aortic lesions (--5.1^ 
^3%) comiared with the placebo (F = 0.867, NS; Fig 1). F^. 
2 shows some examples of magnifications of oiRed O- 
stained aorta of a placebo-treated mouse {A) and NCX-4016 
Led mouse (B). The reduction of the atherosclerotic esion 
was coupled witii a marked decrease in the thickness of lesions 
(oil-red O staining) of a NCX-4016-treated mouse in comparison 
to the placebo-treated mouse (C). 

immunohistochcmistry. Mice t'■e»t^<^^*t^30mg/fcg/day of NCX- 
4016 revealed a significant decrease of mttmal macrophages-- 
Sed foam cells (-28.3 ± 10.2% of W80-positive art^^^^^^ 
sections, P < 0.05 vs. P»aceb°-treated group) and oxidaton- 
specific epitopes of oxidized LDL by (-35.8 ± 11.9% ot 
E06-positive arterial section.P < 0.01 vs. placebo-treated group; 
Fie 3) Thus, NCX-4016 significantly reduced the expression of 
oidation-specific epitopes and macrophage '"f^^ 
arterial wall compared with that of the placebo-treated group as 
well as aspirin-treated group. 

Effect of Different Treatments on Plasma LDL 0^''^^^^^'*^^^'' 
dative Stress. Treatment with 30 rag/kg/day of NCX-4016 
reduced significantly plasma LDL oxidation and systemic oxi- 
dative streS compared with both placebo and, to a lesser extent, 
S^-n (TaWe l)^his reduction of plasma LDL oxidation was 
shown by significant reduction of LDL malondia dehyde content 
of lund 40% (P < 0.001 vs. placebo; P <. O:^^^; -P'™); 
well as by the prolongation of lag-time of oxidizabih y of around 
20% (P < 0.01 vs. placebo; P < 0.05 vs. asp.nn). In the same 
group of mice above {n = 5) treated with 10 mg/kg of NCX- 
4016: the compound reduced LDL malondiaidehyde content to 
19.3 ± 4.0 nmol/mg of protein (P < 0,05 vs^ placebo; P = NS 
vs. aspirin) and LDL lag-time reached 120 ± 33 mm (P ~ NS vs. 





) 30 mg/kg nitric ox-de-rdeasmg aspirin CN«- 



sduced ana mcreabKu 
3ieu ....w vJ). Nitric oxide-releasing aspirin re- 
ning throughout the serial section (O- Similarly. 



o'XfoXdfasIng a mouse 
bon toSacebo^treated mouse <0 (both x3Z0 ma9nlf.cat.0n). Arrows 
indicate the degree of staining In relation to the intima, 

placebo and aspirin). Similarly, Pl^f^^v C mbrn 
duced significantly by treatment with NCX-4016 (Table 1). 

Discussiort ^. . 

our article demonstrates that chronic delivery of NO '^^^f 
StJ. r NO-reieasing aspirin significantly attenuates the devel- 



, o-tfeated(0)lCL-receptor-def.cientmice<x275). 
The r ega" c .mmun sl-.n ng (brown) in Cand F appears in blue. 

w,pnt nf 1 chronii. disease such as atherosclerosis in hyper- 
, S roVm'c LDL receptor-deficient mice without affecting 
mS^ r^rnl lev L^e enhancement of the NO pathway 
n IV ok^ m inipirtmt role in antiatherogenic effect of NO- 
rdJis'nJ Tpirm (reviewed in ref. 4). TTiis study also demon- 
£tr th t m P rdlel to the attenuation of atheroscleros s 
So aspirin . .dUL.d .he susceptibUity ex vivo of plasma LDL to 
SSokcationandsystemicoxidativestress|ne^^^^^^^^ 
pSmTisoprostanes. Isoprostane levels are a ^^V^^sm^^^^ 

teiSSSteSctX^^^^^^^^ 

reacrrapidly to form the stable peroxynitrite anion, and per- 

ttfp^rfe of NO-«l=i«ing aspirin cm .1.0 »uU,pte 



LDL-receptor-deficient mice treated with nitric oxide releasing ^^^^^^ isoprostane 

LDL tag-time, LDLMDA, 

min nmol/mg prot P9/'"' 



1« £37 (n 

;ce(r, = io) 11^^" 

KiaceDo-Lieoicu L-^L. , — -- 

NCX-4016-treatedLDL-receptor-deficient _ 



Placebo-treated LDL-receptor-deficientrnicefr, = 10) 112 ± ^2^ uliS- „9i2n-(n = 6) 

ce(n-10) IJ^-^^ 22.3 ±4.7 1ZS±3S(n = 6) 

,j ^ J ==nirin (IS mo/liq/day); MDA, malondialdehyde at 12 h 
LDL-receptor-det,cien,^,«u«... - - - • - /j?!'^! esentsan nLofLDLoxidi.abiiity;increasedva^^ 
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radical species generated in the arterial wall. An increasing 
Ziber of compounds releasing NO moduJat.„g the^^^^^ 
nathwav are now available (reviewed in ref. 26). Further stuQies 
Sd'eSte whether these newly developed confounds 
clinically used drugs, or other NO-donors I'^ f '£ 
retarding atherosclerotic lesion formation and its cim.cal 

'Xdaiive modification of LDL plays a crucial role in hurnan 
ear? atherosclerotic lesions (22, 23, 27) leading to atheroscle- 
:os!LSrddiseases(5.6).Somestudiesg)a^^^^^^^^^^^ 
the important role of inhibition of LDL oxidation on tne 
attenS of atherosclerosis in hypercholesterolemic mice. In 
SlTSsS^e showed thatN^fcx^OlSreducedf^^^^^^^^ 
L the arterial wall of oxidation-specific epitopes of oxidized 
lijl ThS NC^^Oie has a potent antioxidant effect also m the 
SoTSoric lesions of mice probab^^ybym^^^^^^^^ 
of the radical-induced oxidation of LDL also m ^rtena^ waih 
S^idized LDL may induce apoptosfe in human coronar^^^^ 
8) This phenomenon may favor the developmen of unstable 
a&'erotic lesions (7, 8). However apopto- -^^^^^^ 
phages also may reduce a potential source of mediators whicn 
can contribute to destabilizing the plaque (e g., meta - 
oproSes and MCP-1). Nevertheless the reducU^^^^^^^ 
dative stress in vivo could also attenuate the degree of unstab e 
attooma In another experimental setting, we showed recently 
£ Nex5)16 reduced restenosis after arterial mjury and 
rnacrophage deposition in hypercholesterolemia mice (16)^^^^^^^ 
a^ed rats (17) perhaps, at least in part, through its antioxidant 
ef^ ?£p?opertismay be particularly useful when a 
tfSercSerolemic ol elderly patients. O'^^'^g;^^^ 
chrol; development of atherosclerosis is a <=?mp ete^ different 
palhophysiolo^cal condition from restenosis ^«f^^^^rtenal in- 
iury Indeed, restenotic inflammatory lesions already appear 
'^Z S days from the arterial mjury. In the p«udy. we 
have also shown that the antiatherogenic effect was coupJea to 

2. i^To 1: I Ciio, G , C^^ini, A. Napoli, C. (1999) J. Car,:<^sc. 
3 Dtcrier, H. (1999) OmUomsc Res. 43, 572-579. 

Pharmacol. 59, UV-U^- Abete P Glass C K. & Palinski, 

8 Napoli, C, Quehenberger, O., de Nigris, F., Abete, r., utass, v. 
' W.{im)FASEBJ. 14, 1996-2007. nnndorelH G 

9. Nigris. F.. Yousief, T., Ciafrfc, S., Francon. F A"^"'^.^., Condorelh, 

Palinsfci W (2002) Circaklwit lOS, 1360-1367. , r • a 

13. H..R^ddick. R. L., Pi^rahita. J. & Macd^ N. (1992) Sconce 258. 

U, NaULa. v., P.un^p. A. S., Ralnc, E. W., Br«low. J. L. & R.^. R- (1»4) 

PiZ A. & Ignarro. L. J. (2001) Froc. NatM ^^'-J'^^^.'^*™ p 

SLt«:Dj^to^^HrG%o!?..s!ca;v^ 

Sci. USA 99, 1689-1694. 



I nL oxidation by in vitro NO donors (26, 29). 

T^e find nes of the present study are in agreement with an 
■ ftr„t of NO m the development of atherogenesis m 

comid"™ fntttei piece of evldenoe supponmg Ihe key role d 

antiatherogenic effect. 
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